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Low-temperature Storage for Quality Preservation and Growth Suppression of Broccoli Plantlets Cultured in Vitro
The objective of this study was to determine the storage environmental conditions that result in minimal damage to photosynthetic and regrowth abilities and minimum loss of dry weight of the plantlets.
Materials and Methods
Plant material and culture conditions. 'Ryokurei' broccoli seedlings were used as model plantlets. The seeds were surface-disinfected with 1% sodium hypochlorite solution for 10 min before culture initiation, and the plantlets were cultured photoautotrophically for 3 weeks under conditions shown in Table  1 . Four plantlets were cultured in each of the vessels: six seeds were placed on the medium, and two plantlets were removed when the cotyledonary leaves were fully expanded (3 days after culture initiation). Two membrane filter disks (Milli-Seal, Millipore K.K., Tokyo: pore size 0.5 µm) were placed so that they would cover a pair of holes (10 mm in diameter, 50 mm above the medium surface level) on opposite sides of the vessel. The number of air exchanges of the vessels (hourly ventilation rate divided by vessel air volume) was estimated according to Kozai et al. (1986) .
Storage conditions and treatments. Three weeks after initiation of culture, vessels were placed under one of six storage conditions: light [2 ± 0.5 µmol•m -2
•s -1 photosynthetic photon flux (PPF)] or darkness and air temperatures 5.0 ± 1.0C, 10.0 ± 0.5C, or 15.0 ± 0.5C; nine additional vessels were left in the culture room without storage, as the unstored control.
Before storage, the membrane filters on the vessel were covered with plastic tape to avoid excessive water loss during storage. The vessels stored in darkness were covered with aluminum foil to exclude all light. The number of air exchanges of the vessel during storage was estimated to be <0.1 per hour for the vessels either in light or darkness. The light source in storage was fluorescent lamps (white light) that provided a 24-h (continuous) photoperiod.
Measurements. After 3 and 6 weeks of storage, four vessels were selected randomly from each of the treatments for destructive measurements of fresh and dry weight, number of leaves, leaf area, and stem length of the plantlets. Chlorophyll fluorescence intensity and total chlorophyll (chlorophyll a plus chlorophyll b) concentration were measured on two plantlets in each of the treatments. Chlorophyll fluorescence intensity was measured at two wavelengths (695 and 730 nm) on two leaves each of the plantlets using a modulated fluorescence measurement system (MFMS-II-T; Hansatech Co., Norfolk, England). A parameter f max : f 0 , which is the ratio of maximum fluorescence f max to ground fluorescence f 0 (Lichtenthaler, 1988) , was calculated from the chlorophyll fluorescence induction kinetics. Plantlets were kept in darkness at room temperature for 2 h before measuring chlorophyll fluorescence intensity. Chlorophyll concentration was estimated according to Arnon (1949) . Fresh and dry weights, number of leaves, leaf area, stem length, chlorophyll contents, chlorophyll fluorescence intensity, and net photosynthetic rate were also measured before storage. Plantlet growth measurements were also made with the plantlets left for 2, 3, and 6 weeks in the culture room without storage.
Carbon dioxide and ethylene concentrations inside and outside the vessels were measured at multiple-day intervals during storage. The measurements of CO 2 and ethylene were made quantitatively above 1 µmol•mol -1 using a gas chromatograph (GC12A; Shimazu Co., Kyoto, Japan). The chromatograph was calibrated before every set of measurements. Air temperatures were monitored throughout storage period using 0.1-mm copper-constantan thermocouples set in each storage.
After 3 and 6 weeks of storage, three vessels in each of the treatments were returned to the culture room. Except for 1 day for acclimatization under 50 µmol•m -2
•s -1 PPF and low air exchanges (<0.1 per hour), the plantlets were subsequently cultured for 2 weeks under the In commercial micropropagation, plantlets in vitro sometimes reach a desirable size for transplanting or shipping before the labor for transplanting or the greenhouse space for acclimatization is available, or before the market or customers are ready to accept them. Under such circumstances, the plantlets need to be stored without loss of quality and dry weight. With seasonal crops, such as vegetables and flowers, production peaks can create a serious problem. Transfer schedules and production management should be arranged with consideration for successful commercial production.
Low-temperature storage is commonly used for harvested vegetables and fruits and could have potential as a holding method for micropropagated plantlets. Intensive studies have been done for long-term, low-temperature storage of micropropagated propagules to achieve genetic conservation (e.g., Bessembinder et al., 1993) . However, to our knowledge, no data exist on short-term storage (for <6 months) of micropropagated plantlets. Effects of environmental factors affecting quality degradation of micropropagated same culture conditions as before storage. Two days after starting subsequent culture, CO 2 concentrations inside and outside the vessel were measured 1 to 2 h before the end of photoperiod, when the CO 2 concentrations were stable over time. According to Fujiwara et al. (1987) , net photosynthetic rate of the plantlets in the vessel was calculated from the difference in CO 2 concentrations between inside and outside the vessel, number of air exchanges of the vessel, and air volume of the vessel. The growth data obtained from the plantlets left for 2 weeks without storage in the culture room were compared with those obtained from the plantlets cultured for 2 weeks subsequent to 3 or 6 weeks of storage.
There were 14 vessels per treatment, which gave 56 plantlets per treatment. Four vessels each were harvested after 3 and 6 weeks of storage, and three vessels each after 2 weeks of subsequent culture. Each vessel with four plantlets was considered as a replication. The statistical differences between before and after storage and between with and without storage were determined by t test.
Results and Discussion
Plantlet growth. Plantlets stored for 3 weeks at 5 or 10C in light and at 5C in darkness and for 6 weeks at 5 or 10C in light appeared vigorous and similar to the plantlets before storage. Dry weights of the plantlets stored for 3 or 6 weeks at 5 or 10C in light were not significantly different from those before storage (Table 2) . After 3 and 6 weeks of storage, dry weights of the plantlets decreased as temperature increased, but remained higher in light than in darkness. The dry weights of the plantlets left in the culture room for 3 or 6 weeks without storage were, respectively, 2.7 and 3.8 times that of the plantlets before storage.
During 6 weeks of storage, stem length, number of leaves, and leaf area of the plantlets did not increase regardless of the storage treatment (data not shown). Stem length of the plantlets left for 6 weeks without storage was 1.7 times that before storage. Shoot tops of the plantlets reached the lid of the vessel, causing stem distortion and leaf yellowing.
Chlorophyll concentration and chlorophyll fluorescence ratio f max : f 0 . Chlorophyll concentrations after 3 and 6 weeks of storage were significantly lower than those before storage, regardless of storage treatment (Table 2) ; the concentrations also were higher in light than in darkness at 5 and 15C after 3 weeks of storage. Chlorophyll concentration decreased dramatically in plantlets stored 6 weeks at 15C in light.
The percentage of yellowing leaves increased as temperatures increased. All the leaves of the plantlets stored for 3 weeks at 10 or 15C in darkness had softened, as did those stored for 6 weeks at 5, 10, or 15C in darkness and some at 15C in light.
The chlorophyll fluorescence ratios f max : f 0 at 695 and 730 nm were highest for plantlets stored at 5C in light. In decreasing order of values, the ratios ranked as follows: 10C in light, 15C in light, 5C in darkness, 10C in darkness after 3 and 6 weeks of storage. Chlorophyll fluorescence intensities were not measured for the plantlets stored at 15C in darkness because the plantlets were too soft to be set properly in the measurement system.
The plantlets stored in darkness had a relatively low f max : f 0 ratio after 3 and 6 weeks of storage, even though the chlorophyll concentrations were similar to those of plantlets stored in light (Table 2 ). This result suggests that the chlorophyll remaining in the leaves of the plantlets stored in darkness lost its ability to operate the processes of photosynthesis. A decrease of f max : f 0 has been reported when the reaction-center chlorophyll of photosystem II was destroyed (Lichtenthaler, 1988) .
Net photosynthetic rate under culture conditions. Net photosynthetic rates (P d ) of the plantlets measured after return to culture conditions were similar to those before storage when plantlets were stored for 3 and 6 weeks at 5 or 10C in light or for 3 weeks at 15C in light (Table 3 ). The CO 2 concentrations inside those vessels were more than 200 µmol•mol -1 lower than the ambient CO 2 concentration. It would be desirable to obtain photosynthetic response curves under various CO 2 concentrations and PPF to discern the photosynthetic capacity of stored plantlets.
The P d values were negative after plantlets had been stored for 3 weeks at 10 or 15C in darkness or for 6 weeks at 15C in light and at 5, 10, or 15C in darkness. Thus, the plantlets had significantly decreased or lost their photosynthetic ability during storage, which is in agreement with low f max : f 0 .
Carbon dioxide concentrations inside the vessel during storage. For the first 3 weeks in storage, CO 2 concentration inside the vessel was highest at 15C in darkness, followed in decreasing order by 10C in darkness, 5C in darkness, 15C in light, 10C in light, and 5C in Table 3 . Carbon dioxide concentrations inside (C in ) and outside (C out ) the vessels and net photosynthetic rates per leaf dry weight (P d ) measured under culture conditions before storage and after 2 days of culture following 3 or 6 weeks of storage. Net photosynthetic rate was measured under 160 µmol•m -2 •s -1 PPF, 23C air temperature, and 3.6 air exchanges per hour for the vessels. Means ± standard deviations are shown. Before storage 39 ± 0.7 20 ± 0.9 5.7 ± 0.42 3.7 ± 0.12 (Fig. 1) . The CO 2 concentrations inside the vessels were higher at the higher temperatures and were higher in darkness than in light. The CO 2 concentrations inside the vessels at 5 or 10C in light remained almost the same as or even lower than those of the CO 2 concentrations outside the vessel (370-500 µmol•mol -1 ). The difference in CO 2 concentrations inside and outside the vessel is proportional to the CO 2 exchange rate of the plantlets in the vessel. When the CO 2 concentrations inside the vessel were lower than outside the vessel, the plantlets had a positive net photosynthetic rate. Therefore, 2 µmol•m -2
•s -1 was considered as a PPF close to the light compensation point at 5 to 10C and around the ambient CO 2 concentrations. The total amount of exchanged CO 2 for 6 weeks of storage (which is proportional to integrated value of the difference in CO 2 concentration inside and outside the vessel), expressed as a positive value when the amount of released CO 2 was more than that absorbed, was the highest at 15C in darkness and lowest at 5C in light (data not shown). This result agrees with changes in dry weight of plantlets during storage. Maintaining the CO 2 exchange rate close to zero by illumination at the light compensation point at relatively low temperatures contributes to the preservation of dry weight and photosynthetic and regrowth abilities of the plantlets during storage.
In the vessels stored at 10 or 15C in darkness, CO 2 concentrations increased during days 5-13, and days 10-20, respectively, and then decreased. The decrease was due to the decrease in respiration rate, partly resulting from the decrease in dry weight of active parts of the plantlets. The increase was probably due to a climacteric rise in respiration, which is often observed during senescence. The climacteric rise is sometimes associated with ethylene production from senescing organs (Solomos, 1988 ). Ethylene accumulation is common when plantlets are cultured in airtight vessels (Jackson et al., 1991) . In our experiment, accumulation of ethylene (>1 µmol•mol -1 ) was absent throughout storage in all treatments; lower concentrations were not detectable.
Growth of the plantlets after storage. The plantlets stored for 6 weeks at 5 or 10C in light appeared vigorous after 2 weeks of subsequent culture, while those stored for 3 weeks at 10 or 15C in darkness or for 6 weeks at 5, 10, or 15C in darkness or at 15C in light were dead. The dry weights of plantlets cultured for 2 weeks subsequent to 3 or 6 weeks of storage at 5 or 10C in light were similar to those of unstored plantlets (Table 4) . These also developed new leaves, and their number of leaves was similar to that for unstored plantlets. Plantlets stored for 3 weeks at 15C in light or at 5C in darkness were damaged, and their older leaves were dead during subsequent culture.
Photosynthetic and regrowth abilities and dry weight of broccoli plantlets cultured photoautotrophically were preserved at 5 and 10C in conjunction with illumination at as low as 2 µmol•m -2 •s -1 PPF. Marino et al. (1985) found that Prunus rootstocks were better stored in darkness than in light (photoperiod: 16 h/day) for 10 months at -3C, while they were better stored in light than in darkness at 4 and 8C. These observations may suggest that proper combinations of temperature, PPF, CO 2 concentrations in the vessel, and sugar concentrations in the culture medium are necessary for better storage. Effects of PPF and temperature were also investigated for the storage of bedding plant plugs (Heins et al., 1992) . A PPF of 1 µmol•m -2 •s -1 during storage reportedly averted undesirable shoot elongation and decreased mortality of the plants. In our experiment, broccoli was used as model transplants that have low-temperature tolerance. For development of complete storage protocols, the effect of storage on ex vitro performance, including days to set flower, needs to be determined. Controlling the physical environment during low-temperature storage, as related to photosynthetic and regrowth abilities and dry weight change, would be an applicable technique, not only in micropropagation but also in storage of plug seedlings, leafy cuttings, and other leafy plants. Lighting during lowtemperature storage of harvested leafy crops may also be an applicable technique to preserve their quality and dry weight. Dashes indicate that plants were dead. NS, *, ** Nonsignificantly or significantly different from those after 2 weeks of subsequent culture without storage at P ≤ 0.05 or 0.01, respectively. 
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